• Premise of the study : The study of geographic variation in ecologically important traits within and among taxa is a fi rst step toward understanding the environmental factors that contribute to population differentiation and species divergence. This study examines variation in mean sex allocation per fl ower (androecium mass/gynoecium mass) among 49 wild populations representing 12 Pedicularis species across an elevation gradient on the eastern Tibetan Plateau.
• Methods : We used population means to evaluate sources of variation in per-fl ower sex allocation within and across species. In particular, we evaluate the relative infl uence of intrinsic (i.e., plant size, estimated as aboveground stem biomass) vs. extrinsic factors affecting mean sex allocation among populations.
• Key results : Mean sex allocation per fl ower (the relative investment in male fl oral organs) is negatively correlated with mean plant size; populations of large plants produce relatively female-biased fl owers. This relationship between mean plant size and mean sex allocation is not statistically signifi cant, however, when the effect of elevation is controlled statistically. Among populations within and across species, mean sex allocation increases with elevation. This relationship persists even when the effect of mean plant size is controlled statistically. Factors associated with increasing elevation appear to favor genotypes and/ or taxa with male-biased fl owers.
• Conclusion : Extrinsic environmental conditions may be more important than intrinsic resource status in determining patterns of geographic variation in mean sex allocation among populations or species of Pedicularis . We cannot conclude whether the effect of elevation on mean sex allocation is the result of environmentally induced plasticity, genetically based adaptation, or species sorting, but it is only partly mediated by mean plant size. ( Charlesworth and Charlesworth, 1981 ; Charnov, 1982 ) . Several studies of hermaphroditic species have found that plants in outcrossing populations allocate proportionally more resources toward primary male function relative to female function ( Cruden, 1977 ; Thomas and Murray, 1981 ; Cruden and Lyon, 1985 ; McKone, 1987 ; Ritland and Ritland, 1989 ; Cruden, 2000 ; Parachnowitsch and Elle, 2004 ) .
In the present study, we investigated the relationships among mean per-fl ower sex allocation (estimated as the mean ratio of androecium to gynoecium dry mass among multiple fl owers per plant), population elevation, and one estimate of intrinsic resource status (aboveground plant mass) among 49 populations of 12 bumble-bee-pollinated species of Pedicularis (Orobanchaceae). We addressed the following questions:(1) Is there geographic variation in mean sex allocation among populations within and across taxa? (2) Which factor is most strongly associated with mean sex allocation: species membership, elevation, or mean plant size? (3) Among populations and taxa, what is the relative importance of elevation vs. mean plant size in predicting mean primary sex allocation per fl ower? (4) Is the relationship between plant size and sex allocation observed within populations consistent with the predictions of sex allocation theory and/or similar to the relationship observed among population means? In a subset of our focal populations, we report the within-population correlations between individual mean fl oral sex allocation and plant size.
To our knowledge, this study is the fi rst assessment of the relative importance of intrinsic vs. extrinsic (e.g., growing conditions) factors that affect mean fl oral sex allocation among populations and species. In addition, by controlling statistically for the effects of mean plant resource status on mean sex allocation, we detected a previously unknown relationship between sex allocation and population elevation, which may not be restricted to Pedicularis .
MATERIALS AND METHODS
Study sites and species -Pedicularis Linn. is a genus of > 500 species distributed primarily in the Arctic-alpine regions ( Macior, 1971 ; Hong, 1983 ) . Pedicularis species are pollinated exclusively by bumble bees ( Wang and Li, 1998 ; Macior et al., 2001 ) , and most of them are self-compatible ( Karrenberg and Jensen, 2000 ) . Our study focuses on 12 species that are widely distributed in Gansu Province (China); each species is represented by 3 -9 populations sampled from different elevations located in the eastern Tibetan plateau in 2005 (Appendix S1, see Supplemental Data at http://www.amjbot.org/cgi/ content/full/ajb.0900301/DC1).
In 2005, climate data were obtained from four environmental stations in the region of Gannan. The mean annual temperature declines with increasing elevation; it was 5.78 ° C in Zhuoni (2600 m a.s.l.), 3.85 ° C in Xiahe (2900 m a.s.l.), 3.43 ° C in Luqu (3200 m a.s.l.), and 2.23 ° C in Maqu (3500 m a.s.l.). The range in mean monthly temperature also indicates that lower elevations remain warmer year-round; the range was − 18.5 to 27.5 ° C (Zhuoni), − 19.2 to 27.2 ° C (Xiahe), − 21.8 to 26.3 ° C (Luqu), and − 23.8 to 21.6 ° C (Maqu). The length of the growing season also declines with elevation. For example, at Zhuoni, Xiahe, Luqu, and Maqu, the mean monthly lowest temperature exceeds 0 ° C from May to September; June to September; June to August; and June to August, respectively. Rainfall was highest at the highest elevation station, but there was no clear elevation gradient; the total annual rainfall at each site was 653.1 mm (Zhuoni), 472.2 mm (Xiahe), 621.8 mm (Luqu), and 672.2 mm (Maqu).
Data sets -In 2005, we sampled wild populations at peak fl owering. In each population, we collected 11 -27 individuals (Appendix S2, see online Supplemental Data). The sampling of each species from multiple populations distributed across an elevation gradient allowed us to partition variance in sex allocation into its components: species identity, environmental factors associated with elevation, and mean plant size.
of the lower growth rates or shorter developmental cycles frequently observed to occur at higher latitudes ( Chapin and Chapin, 1981 ; Potvin, 1986 , Winn and Gross, 1993 ; Li et al., 1998 ) . Moreover, variation in reproductive components (e.g., fruit set and seed set) and breeding system with elevation have also been detected ( Cruden, 1972 ; Eriksen et al., 1993 ; Winn and Gross, 1993 ; Akhalkatsi and Wagner, 1996 ; Gugerli, 1997 ) .
Among studies of variation in life history, plant size, and morphological traits across populations and taxa, the study of geographic variation in sex allocation (the proportion of reproductive resources dedicated to male vs. female structures or function) is less well developed, and we lack clear predictions for how or whether the relative investment in male vs. female function should change across environmental gradients. The present study focused on detecting and interpreting patterns of geographic variation in sex allocation per fl ower among populations and congeners across an elevation gradient.
Variation in sex allocation per fl ower within and among individuals, populations, and taxa may be due to several distinct factors. First, size-dependent sex allocation theory predicts that components of male and female investment in hermaphrodites will evolve to be correlated with an individual ' s resource status (e.g., plant size), which may vary within populations and species. In particular, sex allocation per fl owerthe relative investment in fl oral and/or fruit traits related to male vs. female function -should evolve with plant resource status if female and male components of fi tness are differentially affected by changes in size or condition ( Charnov, 1982 ; Lloyd and Bawa, 1984 ; Iwasa, 1991 ; Klinkhamer et al., 1997 ) . Evidence of size-dependent sexual investment has been documented in numerous studies, generally confi rming the prediction that larger plants invest proportionally more in female function ( de Jong and Klinkhamer, 1989 ; Kudo, 1993 ; Klinkhamer et al., 1997 ; Wright and Barrett, 1999 ; Ashman et al., 2001 ; M é ndez and Traveset, 2003 ; Tomimatsu and Ohara, 2006 ; Hiraga and Sakai, 2007 ; Zhao et al., 2008 ; but see Andersson, 1988 ; Mazer and Dawson, 2001 ; and Ishii, 2004 for contrasting results).
Second, within populations, individual plants may respond to local or short-term environmental conditions by altering sex allocation; if this plasticity is adaptive, then individual fi tness will be highest among genotypes that exhibit environmentdependent sex allocation (Charnov and Bull, 1977; Charnov, 1982 ) . One prediction of sex allocation theory is that, under conditions of environmental stress, selection may favor increased male-biased allocation. For example, where the fi tness return associated with increased male investment decelerates (or saturates) more rapidly than the fi tness return associated with female investment, selection will favor large plants with higher proportional investment in female function than small plants ( Klinkhamer et al., 1997 ; Zhang and Jiang, 2002 ) . Consequently, in populations occupying heterogeneous environments, relatively small plants may exhibit lower proportional investment in female function than large plants and resourcepoor microenvironments may select for plants that are both small and disproportionately male-biased ( Willson, 1979 ; Doust and Harper, 1980 ; Bierzychudek, 1984 ; Lloyd and Bawa, 1984 ; Freeman and Vitale, 1985 ) .
Third, among populations and taxa, over evolutionary time, primary sex allocation (e.g., the pollen to ovule ratio or the ratio of androecium mass to gynoecium mass) may evolve by natural selection in response to changes in pollinator behavior or abundance, pollen vector (e.g., animals vs. wind), or mating system correlation coeffi cients were estimated between mean androecium mass ( a ), gynoecium mass ( g ), a / g , and plant size. These results were used to determine whether the relationships within populations are consistent with those predicted by sex allocation theory and/or consistent with the relationship observed among population means.
RESULTS
Variance component analysis -Variance components associated with populations (nested within species) and individuals (nested within populations) accounted for 26.7 (variance component = 0.0066) and 23.2% (variance component = 0.0057) of the variance in sex allocation, while variation among fl owers within individuals explained only 1.3% (variance component = 0.0003) of the variance. We therefore have confi dence that the within-individual variation was low enough that our sampling was suffi cient to capture true differences among populations.
Effects of population elevation on mean plant size -Mean plant size of the populations ranged from 65.98 to 2405.08 mg (445.34 ± 55.53, mean ± SE, N = 49) (online Appendix S1). An ANCOVA detected that mean plant size was strongly affected by elevation (sum of squares = 0.72, F 1,36 = 13.38, P < 0.0008) independent of variation among species (effect of species: sum of squares = 1.55, F 11,36 = 2.62, P < 0.0144). Across all populations and taxa, mean plant size declined with increasing elevation ( Fig. 1 ; slope = − 0.00047, r 2 = 0.34, P < 0.0001; df = 48). This pattern was also observed within 10 of 12 species ( Fig. 1 ) . The effect of elevation on mean plant size indicates that we must control statistically for elevation when seeking a direct relationship between sex allocation and plant size.
Effects of population elevation and mean plant size on mean sex allocation -Bivariate regression indicated that mean sex allocation (ratio of androecium to gynoecium mass) declined with increasing mean plant size ( Fig. 2A ; slope = − 0.13, r 2 = 0.117, P < 0.0159; df = 48); nine of 12 species show the same trend among populations ( Fig. 2A ) ; populations with larger plants allocate proportionally more resources per fl ower to female function. Accordingly, populations at higher elevations (comprised of smaller plants; Fig. 1 ) invested relatively more in male function than did the populations at lower elevations ( Fig. 2B ; slope = 0.00016, r 2 = 0.289, P < 0.0001); this positive trend was observed among populations in 11 of 12 species ( Fig. 2B ) .
When we controlled for the effects of elevation on mean sex allocation, however, the effect of plant size on sex allocation was no longer detectable ( Fig. 2C ; slope = − 0.011, r 2 = 0.001, P = 0.8146; df = 48). When we examined the relationship between plant size and sex allocation among conspecifi c populations (while controlling for the effects of elevation), only seven of 12 species showed the same trend ( Fig. 2C ). In addition, the ANCOVA detected no signifi cant effect of plant size on sex allocation independent of species identity and elevation ( Table 1 ) .
Elevation had signifi cant effects on mean sex allocation independent of variation in mean plant size ( Table 1 ) ; higher elevations exhibit greater proportional investment in male function per fl ower ( Fig. 2D ; slope = 0.00012, r 2 = 0.19, P < 0.0025; df = 48). Eleven of 12 species showed the same pattern among populations ( Fig. 2D ). In addition, there is a signifi cant effect ( P < 0.0442) of elevation on androecium mass (but not gynoecium
Estimates of fl oral traits and plant size -From each plant, we collected 2 -5 open fl owers just before anther dehiscence. Vegetative parts (aboveground stems, leaves, peduncles, and pedicels) were placed in large paper envelopes; selected fl owers were placed in paper sleeves and brought back to the fi eld station. Sampled fl owers were dissected and separated into fl oral attractive structures (sepals and petals), androecium (stamens), and gynoecium (ovules and pistil). Each fl oral part was placed in a separate paper sleeve and oven-dried for a minimum of 48 h at 60 ° C. We weighed the dry mass of the fl oral structures to 0.01 mg. Sex allocation of each fl ower was recorded as the ratio of androecium to gynoecium mass. Individual plant means of fl oral traits were calculated from their sampled fl owers. Population means were calculated from the mean fl oral phenotype of the individuals sampled within each population. We dried the vegetative parts of each individual for 48 h at 60 ° C and weighed them to 0.1 mg (vegetative dry mass was used as a measure of plant size).
Statistical analyses -Because the published phylogenies for this large genus ( > 400 species) are not consistent ( Li, 1951 ; Tsoong, 1955 ) and because we sampled relatively few taxa (but multiple populations per taxon), we used an analysis of variance approach rather than a phylogenetic approach to examine sources of variation in sex allocation among populations and taxa. Within each species, only one population was sampled at a given elevation; this lack of replication means that we could not test simultaneously for the effects of population identity and elevation on mean sex allocation per fl ower. Pooling populations within species to obtain a mean elevation per species would not be satisfactory because the mean elevation of the conspecifi c populations sampled is not necessarily the true mean for of a given species. The sampling of several populations per species, however, provided replication so that we could estimate the independent effects of species identity, elevation, and plant size on sex allocation per fl ower as we sought evidence for geographic variation associated with elevation both within and across taxa. Moreover, by using population means as individual data points, we could take advantage of all of the variation available when seeking covariation among traits. Analyses described below were conducted using the program JMP 7.0 ( SAS Institute, 2007 ) .
To evaluate whether within-individual phenotypic variation is low enough (relative to variation among individuals and populations) that 2 -5 fl owers provide a reasonable estimate of an individual ' s mean phenotype, we conducted a nested analysis of variance (ANOVA) to compare variance components for sex allocation associated with species, population, individual, and fl owers (within individuals). Species was considered as a fi xed effect and all other factors as random effects. We used REML to evaluate and to compare variance components associated with each effect.
Among-population analyses -Using population means, linear regressions were conducted to examine the bivariate relationships among plant size, sex allocation, and elevation. To examine the direct relationships between each pair of attributes independently of the third, we used residuals as follows. The residuals of sex allocation on population elevation were used in bivariate regressions to examine the relationship between sex allocation and plant size independently of elevation. The residuals of sex allocation on plant size were used in bivariate regressions to examine the relationship between sex allocation and elevation independently of plant size.
We sought signifi cant associations in two ways. First, we determined whether the slope of the regression (with all populations included) was significantly different from zero. Second, we examined the linear regression exhibited among conspecifi c populations of each species to determine whether a majority of them exhibited a positive (or negative) slope. Based on the discrete binomial distribution, > 10 of 12 species having the same trend (i.e., positive or negative slopes) comprises a statistically signifi cant majority ( P < 0.0161).
To detect the effect of elevation on plant size while controlling for variation among species, we conducted an analysis of covariance (ANCOVA) in which species was treated as a fi xed effect, and elevation was treated as a covariate. A second ANCOVA was used to detect the effects of species identity, plant size, and elevation on androecium mass, gynoecium mass, and sex allocation. Androecium mass, gynoecium mass and plant size were log 10 -transformed prior to analysis. We conducted preliminary analyses and found no signifi cant interactions between each fi xed variable and the covariate.
Within-population analyses -For 16 populations, our sample size was ≥ 20 individuals ( Appendix S2; Table 2 ; Appendix S1 ), and we used these data to examine the relationship within populations between mean sex allocation per individual (and its components) and plant size (vegetative mass). For each population, Pearson [Vol. 97 DISCUSSION Our central fi nding is a previously unreported geographic pattern: mean sex allocation per fl ower increased with elevation among populations of Pedicularis congeners. At higher elevations, populations and taxa produced fl owers that were relatively male-biased. This relationship persisted even when the effect of mean plant size (estimated as aboveground plant mass) was controlled statistically. In sum, the proportional male-bias of fl owers depended on species and population elevation, but was independent of the mean estimated intrinsic resource status of individual plants. Extrinsic biotic and abiotic environmental conditions may be more important than intrinsic resource status mass) independent of plant size ( Table 1 ). The effect of elevation on sex allocation per fl ower is therefore mediated by an increase in androecium mass per fl ower with increasing elevation.
Relationship between mean individual fl oral sex allocation and plant size within populations -In general, within populations, larger individuals produce relatively female-biased fl owers, as predicted by size-dependent sex allocation theory ( Table  2 ). Ten of 16 populations exhibited a negative correlation coeffi cient between a / g and vegetative biomass per fl ower; this proportion is not signifi cantly higher than that expected by chance ( P > 0.12). Note : Species was considered as fi xed factor; plant size and elevation were included as covariates. a / g = androecium mass/gynoecium mass. Boldfaced values are statistically signifi cant at the P < 0.05 level. P values refl ect the statistical signifi cance of each effect independently of the others. SS = sum of squares Fig. 1 . Bivariate regressions among all 49 population means between size of Pedicularis plants and elevation (slope = − 0.00047, P < 0.0001). The solid line represents a linear regression among all population means where the slope differs signifi cantly from zero ( P < 0.05). Dashed lines represent the regressions among population means within each species. Within this plot is reported the fraction of species that have the same qualitative slope (e.g., > 0 or < 0) and the outcome of a binomial test of whether the fraction differs signifi cantly from 0.5. Species codes: A = P. alaschanica ; B = P. anas ; C = P. cheilanthifolia ; D = P. chinensis ; E = P. kansuensis ; F = P. longifl ora ; G = P. polyodonta ; H = P. rhinanthoides ; I = P. roylei ; J = P. szetschuanica ; K = P. tristis ; L = P. verticillata. a direct relationship between mean sex allocation and mean plant size, and controlling for plant size when seeking a direct relationship between sex allocation and elevation.
Relationship between mean plant size and mean sex allocation -Although the bivariate relationship among population means between sex allocation (androecium/gynoecium mass) and plant mass was statistically signifi cant (and negative) ( Fig.  2A ) , this relationship disappeared when the effects of elevation on sex allocation were controlled statistically ( Fig. 2C ) . Given the nonsignifi cant effects of plant size on sex allocation among populations (independent of elevation; Fig. 2C ) and the positive effects of elevation on sex allocation among populations (independent of plant size; Fig. 2D ), we conclude that elevation is more strongly and directly associated with sex allocation than plant size. High-elevation populations produce fl owers that are more male-biased than low-elevation populations, but not simply because the former are comprised of smaller plants. Evidently, environmental factors associated with elevation affect the evolution or phenotypic expression of in determining patterns of geographic variation in sex allocation among populations or species, but our study did not address whether the observed effect of elevation on sex allocation is the result of plasticity or genetically based adaptation.
Effect of elevation on mean plant size -The reduction in aboveground plant size with increasing elevation ( Fig. 1 ) among Pedicularis populations and taxa indicates that individual size may be limited by the cooler and shorter growing seasons at higher elevations ( Bliss, 1971 ; Ellenberg, 1988 ; Friend and Woodward, 1990 ; Suzuki, 1998 ; Zhao et al., 2006 ) . Friend and Woodward (1990) suggested that smaller plant size at higher elevations could also be induced by a low rate of cell division (due to lower temperatures). It is not clear whether the reduction in mean plant size among populations at higher elevations is the result of adaptive evolution by natural selection or of (adaptive or nonadaptive) plastic physiological responses to a harsher environment. The strong relationship between mean plant size and population elevation that we observed warranted controlling statistically for elevation when seeking evidence for Fig. 2 . Bivariate regressions among all population means between (A) sex allocation and size of Pedicularis plants (slope = − 0.13, P = 0.0159), (B) sex allocation and elevation (slope = 0.00016, P < 0.0001), (C) residuals of sex allocation on elevation and plant size (slope = 0.011, P = 0.8146), and (D) residuals of sex allocation on plant size and elevation (slope = 0.40, P < 0.0021). The solid line represents a linear regression among all population means where the slope is signifi cantly different from zero ( P < 0.05). Dashed lines represent the regressions among population means within each species. Within each plot is reported the fraction of species that have the same qualitative slope (e.g., > 0 or < 0) and the outcome of a binomial test of whether the fraction differs signifi cantly from 0.5. Species codes: A = P. alaschanica ; B = P. anas; C = P. cheilanthifolia ; D = P. chinensis ; E = P. kansuensis ; F = P. longifl ora ; G = P. polyodonta ; H = P. rhinanthoides ; I = P. roylei ; J = P. szetschuanica ; K = P. tristis ; L = P. verticillata.
infl uencing sex allocation within populations (i.e., plant size relative to other co-occurring plants) do not operate as taxa diverge.
Effect of population elevation on mean sex allocation -In this study, populations at higher elevations produced fl owers that were more male-biased than populations at low elevations. This positive correlation between elevation and sex allocation per fl ower ( Fig. 2A ) was independent of variation in mean plant size and species identity ( Table 1 ) . This among-population pattern is consistent with the within-population prediction of sex allocation theory that, under conditions of environmental stress, selection may favor increased male-biased allocation, although the explanation for within-population patterns cannot be easily applied to among-population patterns. In intraspecifi c studies, geographic variation in sex allocation indicates that female reproduction may place plants under greater stress than male reproduction under harsh conditions (e.g., in an alpine environment). This inference is supported by the patterns detected by Freeman and McArthur (1982 ) within six dioecious species. In their study, females experienced signifi cantly greater water stress than males when fruits were in late stages of development and soils were dry. Similarly, in an experimental fi eld study, Dudley and Galen (2007) found that, under dry conditions, female ramets of Salix glauca exhibited lower predawn leaf water status than male ramets. The observation that male individuals are regularly overrepresented in resource-limited environments ( Freeman et al., 1976 ; Onyekwelu and Harper, 1979 ; Cox, 1981 ; Freeman and Vitale, 1985 ) is also consistent with this interpretation. However, a different pattern was found in the dioecious Salix reinii ( Sakai et al., 2006 ) . They found that, controlling for plant size, reproductive allocation for both males and females declined at a similar rate with increasing elevation; females were not more sensitive than males to high-elevation environments.
In previous studies, environmental effects on sex allocation within species ( Dawson and Bliss, 1989 ; Galen, 2000 ; Paquin and Aarssen, 2004 ; Zhao et al., 2008 ) and effects of elevation on female reproduction ( Cruden, 1972 ; Hilligardt, 1993 ; Gugerli, 1998 ) have been detected, but none focused on the sex allocation independently of the effects of such factors on plant size.
The proportional shift toward male investment at high elevation is due to an increase in androecium mass per fl ower with elevation ( Table 1 ) rather than to a change in gynoecium mass ( Table 1 ; independent of plant size, gynoecium mass remains constant with elevation). The constancy of gynoecium mass across elevations suggests that any reduction in carbon gain per plant that occurs at higher elevations as a result of a shorter and cooler growing season does not reduce investment in female function per fl ower independently of its effects on plant size.
Size-dependent sex allocation theory provides clear predictions about how selection will favor genotypes that adjust their sex allocation based on their size relative to other plants within populations. For example, Klinkhamer et al. (1997 ) and Zhang and Jiang (2002) predict that larger plants should allocate proportionally more resources to female function than smaller ones (given the male and female fi tness functions that we described). In support of these predictions and the assumptions underlying them, increasing female function with plant size has been observed within populations of numerous species ( Klinkhamer et al., 1997 ; Wright and Barrett, 1999 ; M é ndez and Traveset, 2003 ; Tomimatsu and Ohara, 2006 ; Hiraga and Sakai, 2007 ; Zhao et al., 2008 ; for contrasting results, see Ackerly and Jasienski, 1990 ; Bickel and Freeman, 1993 ; Ashman et al., 2001 ; Ishii, 2004 ; Cao et al., 2007 ) , including 10 of the 16 wellsampled populations examined here ( Table 2 ). The factors infl uencing size-dependent sex allocation among population means, however, may differ from those operating within populations, especially where populations occupy distinct habitats or microclimates. This difference in scale may account for the differences we observed among Pedicularis species with respect to the relationship among population means between sex allocation and plant size (controlling for elevation; Fig. 2C ).
In this study, when controlling for elevation, we found no signifi cant relationship between mean plant size and mean sex allocation per fl ower across populations and species ( Fig. 2C and Table 1 ). The independence between these two traits across populations and taxa supports the view that the intrinsic factors effects of elevation on sex allocation both within and among taxa. Moreover, as far as we know, our study is the fi rst to consider both size-dependent and elevation-dependent variation in sex allocation simultaneously and to compare the relative strength of these effects. Our study is limited, however, in that we cannot determine whether the effects of elevation on sex allocation are the result of phenotypic plasticity or genetically based adaptation. It is possible that adaptive, selective forces that differ among elevations are more important than plant size or resource status in determining differences in sex allocation among populations and species. We need more detailed research on the environmental factors that affect the process of natural selection on sex allocation to distinguish between these alternatives. LITERATURE CITED
